The effect of microwave frequency electromagnetic fields on living microorganisms is an active and highly contested area of research. One of the major drawbacks to using mesophilic organisms to study microwave radiation effects is the unavoidable heating of the organism, which has limited the scale (<5 ml) and duration (<1 h) of experiments. However, the negative effects of heating a mesophile can be mitigated by employing thermophiles (organisms able to grow at temperatures of >60°C). This study identified changes in global gene expression profiles during the growth of Thermus scotoductus SA-01 at 65°C using dielectric (2.45 GHz, i.e., microwave) heating. RNA sequencing was performed on cultures at 8, 14, and 24 h after inoculation to determine the molecular mechanisms contributing to long-term cellular growth and survival under microwave heating conditions. Over the course of growth, genes associated with amino acid metabolism, carbohydrate metabolism, and defense mechanisms were upregulated; the number of repressed genes with unknown function increased; and at all time points, transposases were upregulated. Genes involved in cell wall biogenesis and elongation were also upregulated, consistent with the distinct elongated cell morphology observed after 24 h using microwave heating. Analysis of the global differential gene expression data enabled the identification of molecular processes specific to the response of T. scotoductus SA-01 to dielectric heating during growth.
T he impact of microwave frequency (300 MHz to 300 GHz) electromagnetic fields on living organisms is of significant interest across multiple industries, including medical, food, and biotechnology (1) (2) (3) (4) (5) . However, confirmation that a biological effect results from exposing live cells to an electromagnetic field has yet to be definitively demonstrated. Most studies to date involving the physiological or transcriptional effects of microwave radiation on living microorganisms have been performed with mesophilic bacteria, archaea (6) , and select eukaryotic systems (7, 8) . The selection of mesophilic organisms coupled with highly varied experimental designs were practical considerations used to generate each individual result. Ultimately, however, this variability makes the separation of the unavoidable dielectric heating of the microorganism and exposure of the microorganism to the electromagnetic field difficult to separate and reproduce.
This variability in experimental design can be mitigated by using thermophiles, since they can be cultured at a higher temperature, which would allow for longer (Ͼ1 h) experiments to be performed in commercial microwave systems. Thermophiles are a subclass of extremophiles whose optimal growth occurs at temperatures of Ͼ60°C (9) . Thermophiles from the genera Thermus, Nanoarchaeum, and Sulfolobus have already found broad applications in the biotechnology sectors as a source of thermostable enzymes (9, 10) . Thermus scotoductus SA-01 (ATCC 700910), originally isolated from groundwater in a South African gold mine, was used for this work due to its versatile metabolism and annotated genome (11) . Several strains and species of Thermus have been isolated from all over the world (12) , and the availability of 30 annotated genomes will enable detailed transcriptional comparisons under conditions typically not amenable to work with mesophiles.
The growth of T. scotoductus SA-01 under dielectric (i.e., mi-crowave) heating over 30 h was recently reported (13) . At the early stationary phase of growth, the cells were elongated ca. 3-fold compared to convection heating (maximum cellular length in microwave, 12.1 Ϯ 0.2 m, and oven, 4.3 Ϯ 0.3 m) but exhibited no significant change in either secreted protein concentrations, culture medium acidity, or cellular turgor pressure. We report here the corresponding differential gene expression analysis via wholetranscriptome sequencing from those experiments to identify the molecular mechanisms that support both the growth of T. scotoductus SA-01 under dielectric heating and the elongated cell morphology. Global transcriptional profiling was performed with cells cultured using either convection or dielectric heating at 65°C in a nutrient-rich medium sampled at three different points (8, 14 , and 24 h) during growth. Subsequent analysis revealed that a large number of genes involved in cell wall biogenesis were induced, corroborating the elongated cell morphology observed in cells grown with dielectric heating alone. Genes associated with sugar metabolism were induced across multiple time points, while genes involved in denitrification were repressed, suggesting that the different modes of heating influenced metabolism. The implications of these findings are discussed in terms of the effects of dielectric heating combined with the potential influence of microwave radiation on cellular and metabolic mechanisms.
MATERIALS AND METHODS
Bacterial strain and general maintenance. Thermus scotoductus SA-01 was purchased from the American Type Culture Collection (ATCC 700910), reconstituted in Castenholz-tryptone-yeast extract (TYE) medium (14) and stored as glycerol stocks at Ϫ80°C. For these experiments, T. scotoductus SA-01 was maintained aerobically in Castenholz-TYE medium with agitation at 65°C.
Growth conditions and sample collection. The culture conditions for these experiments have been reported previously (13) . Briefly, frozen 200-l stocks of T. scotoductus SA-01 were inoculated into 10 ml of Castenholz-TYE and incubated aerobically at 65°C to an optical density at 600 nm (OD 600 ) of 1.0 (approximately 24 h). A 1% inoculum of this culture was added to sterile Teflon vessels (4.5 by 12 cm, MARS 5 accessory) containing 60 ml of Castenholz-TYE medium prewarmed to 65°C. These vessels were closed with a screw seal on the vessels, but the seal was not air-tight, which resulted in air exchange throughout the experiment but minimal water evaporation. Triplicate biological experiments were performed in parallel by placing these vessels into either a shaking convective incubator (orbital shaking, Ͻ50 rpm) or a MARS 5 microwave digestion system (2.45 GHz, 300 W) with an internal infrared temperature probe to maintain the temperature at 65 Ϯ 1°C throughout the experiment. The rotation rate was set to 45 rpm in the convection incubator, since this rotation rate was closest to the level of agitation occurring in the vessels within the microwave digestion system on the constantly rotating platform. In addition, the vessels were vigorously swirled (for 10 s) by hand every 2 h. For RNA sequencing (RNA-seq), triplicate samples were removed from each vessel at 8, 14, and 24 h after inoculation. Two additional biological replicates were performed under both dielectric heating (MW) and oven conditions for use in quantitative reverse transcription-PCR (qRT-PCR) assays to verify RNA-seq data.
Total RNA extraction. Total RNA was extracted with the RNeasy minikit using a previously optimized protocol (15) . Briefly, 180 l of lysozyme (15 mg/ml) resuspended in TE buffer (30 mM Tris-HCl, 1 mM EDTA [pH 8]) plus 20 l proteinase K (Qiagen) was added to each cell pellet, and then the samples were incubated with agitation (125 rpm) for 25 min at room temperature. The optional on-column DNase digestion was extended to 1 h. The remaining steps were performed according to the manufacturer's protocol. An additional spin at top speed (16,000 rpm) for 2 min was included immediately prior to elution in 40 l of RNase-free water. Total RNA concentration and purity were assessed using the NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE). The quality of the RNA samples was further analyzed with RNA 6000 Nano chips on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), and samples were determined to be acceptable for RNA-seq library preparation if the RNA integrity number was Ն9.
RNA sequencing. Ribosomal RNAs were depleted from total RNA samples using Ribo-Zero rRNA removal kit for bacteria (Illumina, San Diego, CA), according to the manufacturer's recommended protocol prior to RNA library preparation. RNA library preparation was carried out using NEBNext Ultra RNA library prep kit for Illumina (New England BioLabs, Inc., Ipswich, MA), according to the manufacturer's recommended protocol. The quality of the RNA libraries was assessed on a 2100 Bioanalyzer using high-sensitivity DNA chips (Agilent Technologies). The electropherogram showed a narrow distribution, ranging from approximately 300 to 500 bp. The sequence reads of RNA libraries were acquired on a MiSeq instrument under automated software control (version 2.2.0; Illumina) using the MiSeq reagent kit version 2, with 300 cycles (Illumina).
Bioinformatics and differential expression analysis of RNA-seq data. The raw MiSeq reads generated from each sample were trimmed using Trimmomatic 0.33, with the following parameters: HEADCROP:8 LEADING:20 SLIDINGWINDOW:5:20 MINLEN:50. These trimmed reads were then mapped to the closed and annotated genome of T. scotoductus SA-01 (GenBank chromosome accession no. CP001962.1 and plasmid accession no. CP001963.1) using Bowtie 2 with the "-very-sensitive" parameter (see Table S1 in the supplemental material). The NCBI annotation of the genome was used with the program htseq-count to generate counts within each feature. With this program, only reads that map to a single unique gene feature add to that gene count; otherwise, they are set as ambiguous. The R package DESeq2 version 1.8.1 was applied to the raw read counts to determine statistically significant differentially expressed genes. DESeq2 uses size factors to control for differences in sequencing depth of samples, i.e., data normalization. It has an internal method to generate these size factors or can use the results of the R package cqn 1.14, which generates size factors equivalent to conditional quantile normalization. The R package cqn could also be used to generate a table of normalized read counts (i.e., reads per kilobase per million [RPKM]) using conditional quantile normalization or the standard method. Comparisons were made between the following groups: cells collected after (i) 8 h of microwave or oven incubation, (ii) 14 h of microwave or oven incubation, and (iii) 24 h of microwave or oven incubation.
An adjusted P value (using the Benjamin and Hockberg adjustment) of Ͻ0.05, obtained via DESeq2 analysis, was used as the statistical cutoff for differentially expressed genes. Differential expression for each gene was determined by dividing the microwave normalized count value (RPKM cqn) by the oven normalized count value. Thus, all expression results are presented as the effects of dielectric heating normalized to convective heating. Genes with an adjusted P value of Ͻ0.05 were defined as differentially expressed (see Tables S2 to S4 in the supplemental material); those with a fold change of Ͼ1.4 or Ͻ0.7 were retained for further analysis and are discussed below. For visualization of shared genes, Venn diagrams were constructed using Venny 2.1 (16) . The Clusters of Orthologous Groups (COG) annotations for these genes were obtained from the NCBI website using protein accession numbers and the available protein cluster analysis (http://www.ncbi.nlm.nih.gov/proteinclusters) or determined manually using Gene Ontology (GO) terms generated from Pfam reference numbers. Putatively annotated genes to which a COG could not be assigned were categorized based on their GO biological process, Kyoto Encyclopedia of Genes and Genomes (KEGG) ontology pathway, or manual assignment based on literature and homology searches (17) . Gene alignments were performed using Artemis (18) .
qRT-PCR. Quantitative reverse transcription-PCR (qRT-PCR) assays based on SYBR green chemistry (19) were developed for a subset of genes at each of the three time points in order to verify RNA-seq results. Total RNA was converted to cDNA using the high-capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA) using a previously optimized protocol (15) . The reaction mixtures were incubated at 37°C for 60 min, followed by heating to 95°C for 5 min in a 2720 thermocycler (Applied Biosystems). The resulting cDNA of each sample was diluted 1:5 in nuclease-free water prior to use in qPCR.
Gene-specific primers, along with previously validated reference gene primers (15) , are listed in Table 1 . For each assay, primers were designed that targeted a ca. 100-to 130-bp region of the coding sequence of each gene. Sequences for each gene were obtained from the annotated T. scotoductus SA-01 genome available in GenBank. Primers were designed using the Primer 3 software (20, 21) , with an optimal annealing temperature of 60°C. Primers were examined for potential secondary structures using Mfold (22) . Potential dimer formation and self-complementarity were assessed using the Operon oligonucleotide analysis tool and the oligonucleotide properties calculator (http://www.basic.northwestern.edu /biotools/oligocalc.html), respectively. Primers were obtained from Integrated DNA Technologies (Coralville, IA). Primer sets were optimized over concentrations spanning 150 to 300 nM, with an annealing/extension temperature of 60°C. Product specificity was determined via melt curve analysis.
The Fast SYBR green master mix (Applied Biosystems, Foster City, CA) was used for all assays. Each reaction mixture contained 10 l of 2ϫ Fast SYBR green master mix, 150 to 300 nM each forward and reverse primer, and 5 ng (2 l) of template cDNA, brought to a final volume of 20 l with nuclease-free water. Reactions were performed in duplicate using Applied Biosystems MicroAmp Fast 96-well reaction plates sealed with MicroAmp optical adhesive film. No-template controls were included on each plate to monitor for contamination. Reactions were performed on the ViiA 7 real-time PCR system with the Fast 96-well block format (Applied Biosystems). The following protocol was used for all assays: an initial 20-s incubation at 95°C, followed by 40 cycles of 95°C for 1 s and 60°C for 20 s, followed by a melt curve analysis of 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s to determine product specificity. Reactions were recorded and analyzed using the Applied Biosystems ViiA 7 system software. The fluorescence threshold was manually adjusted for each gene assay based on visual inspection of fluorescence in log phase. Gene expression (as linear fold change) was calculated using the ⌬⌬C T method (23), with gyrA and gap (Table 1) serving as the reference genes. The Pearson product moment correlation test was applied to examine the strength of the correlation between the linear fold change values obtained with qRT-PCR and RNA-seq.
AFM. Atomic force microscopy (AFM) was performed on cells collected at each time point using a previously published protocol (13) . Briefly, cells were washed 3 times with sterile irrigation water and resuspended in sterile irrigation water. AFM topographic images were acquired in contact mode using an Anasys Instruments nanoIR with Sicona silicon probes. Imaging was performed in air with cells drop-cast on polished ZnSe substrata.
Analysis of ion concentration, carbon nutrients, and acidity. Samples were collected from each vessel in triplicate at 8, 14, and 24 h after inoculation. Acellular control samples were collected in parallel with growth experiments. At each time point, 8.0 ml of culture medium was collected, pelleted by centrifuge (12,000 rpm, 10 min), and the supernatant was removed and used for each analysis. Chromatography designated for carbon nutrients was performed using a Varian ProStar high-performance liquid chromatography (HPLC) apparatus with a Hi-Plex H ϩ column (300 by 7.7 mm) held at 65°C with a 5 mM H 2 SO 4 mobile phase at 0.6 ml · min Ϫ1 flow rate. Data were collected with both diode array and refractive index detectors. A Dionex ICS-3000 with a Dionex IonPac AS9-HC (4 by 250 mm) was used for anion chromatography. The flow rate was 1.0 ml · min Ϫ1 using a 9.0 mM sodium carbonate mobile phase. The concentrations of nitrate, nitrite, sulfate, and phosphate were determined independently using calibrated external standards. The concentration of molybdenum was determined by inductively coupled plasma-mass spectrometry (ICP-MS; Robertson Microlit Laboratory, Ledgewood, NJ) of supernatants used for all other analytical experiments. A Thermo Scientific pH microprobe (catalog no. 981597) was used to measure pH in supernatant samples.
Accession number(s).
Base calling was completed on a MiSeq instrument using the MiSeq Reporter software (Illumina), and the raw sequence reads were deposited in the Gene Expression Omnibus under the accession no. GSE79201.
RESULTS

Growth of T. scotoductus SA-01 and cell morphology.
Our previous study demonstrated that T. scotoductus SA-01 cells displayed an elongated morphology (cells that were typically 7 to 15 m in length) after 24 h and a slightly accelerated growth rate in comparison to that with convection heating (13) . However, this distinct cell elongation at 24 h under dielectric heating was not observed at earlier stages of growth ( Fig. 1 inset) . In addition, T. scotoductus SA-01 cells when cultured using convection heating were typically 4 to 8 m in length based on limited AFM imaging of drop-cast cellular suspensions (see Fig. S1 in the supplemental material) and did not exhibit a shift toward an elongated morphology.
The complexity of the Castenholz-TYE medium required additional controls to determine if significant changes in the medium composition without cells could impact the transcriptional activity and thus the physiology of the cells. All acellular controls were performed in parallel with all growth experiments. Anion chromatography was used to analyze changes in the concentration of nitrate, nitrite, sulfate, and phosphate without cells present ( Fig. 2A) . The acidity of the medium was also measured at these time points using a calibrated pH microprobe. Changes in the organic components of the medium were qualitatively measured by HPLC, but the complexity of the medium precluded a detailed identification of each component (see Fig. S2 and S3 in the supplemental material). Collectively, these data confirmed that the mode of heating did not result in a significant change in the organic or anion composition of the medium over the experimental time frame.
Since the mode of heating did not affect the acellular medium, the observed changes in the medium components (Fig. 2B ) during the growth experiments can be attributed to cellular activity. There was, as also indicated in Fig. 2B , a 0.9 Ϯ 0.1 alkaline shift in pH in the medium over the duration of the growth experiments regardless of the mode of heating. Nitrate was metabolized by T. scotoductus SA-01 after 8 h of growth, with approximately 3 mol% being reduced to soluble nitrite after 24 h. The consumption of nitrate, although different between the modes of heating, showed similar trends and was never limiting in the culture medium. The concentrations of sulfate and phosphate were unchanged under all culture conditions at all time points. There were significant changes consistent with phase of growth observed qualitatively in the organic components of the growth medium under all conditions (see Fig. S4 in the supplemental material). However, the difference between the qualitative changes in the medium did not affect the growth environments based on the how the cells were cultured. Thus, it was unlikely that either set of cells was affected by a distinct change in medium components, which could drive a unique transcriptional and physiological response outside the mode of heating being evaluated.
RNA-seq analysis overview. T. scotoductus SA-01 contains 2,506 predicted open reading frames (ORFs) on its chromosome and an additional 12 on its plasmid, for a total of 2,518 ORFs. The number of RNA-seq paired-end reads generated for each sample and the number of these that mapped to gene features in the reference genome can be found in Tables S2 to S4 in the supplemental material. DESeq2 was used to identify significantly differentially expressed genes. Using normalized count data, a total of 448 genes were identified as significantly differentially regulated over the course of growth with dielectric heating, using the defined criteria of a fold change of Ͼ1.4 (i.e., induced) or Ͻ0.7 (i.e., repressed) and a false-discovery rate (FDR) P value of Ͻ0.05. qRT-PCR was used as an alternative method of expression profiling on a subset of the genes identified as differentially regulated via RNAseq. Overall, identical patterns of regulation were obtained for genes examined with both qRT-PCR and RNA-seq, and statistical analysis demonstrated a high degree of correlation (Pearson product moment correlation ϭ 0.872, P ϭ 0.004) between the qRT-PCR and RNA-seq data sets (Fig. 3) .
Differential transcription of genes over time using dielectric heating. Over the course of growth, the number of induced genes related to amino acid metabolism, carbohydrate metabolism, and defense mechanisms increased; the number of repressed genes with unknown function increased; and at all time points, transposases were upregulated, with the greatest number occurring at 24 h (Fig. 4) . Our analysis revealed there were no shared genes that were upregulated, but there were three genes that were downregulated at all three time points (Fig. 5) . In addition to these three shared genes, there were ca. 35 genes whose expression was shared at either an early or late stage of growth ( Fig. 5 and Table 2 ). Two trends were identified at mid-exponential (14 h) and early stationary (24 h) phases involving mobile genetic elements and molybdenum-responsive genes. The majority of shared genes upregulated at 14 and 24 h were associated with transposases and genes associated with horizontal gene transfer. Molybdenum (Mo) transporters and Mo-binding proteins were induced at both 14 and 24 h as well, while proteins utilizing Mo as a cofactor (molybdopterin oxidoreductase and thiosulfate reductase) were repressed. Molybdate is chemically similar to sulfate and thiosulfate and therefore in some instances can be transported by the homologous sulfate receptor (24) , but typically, molybdenum is involved in bioenergetic pathways using carbon, nitrogen, or sulfur (25) . However, no genes annotated as sulfate receptors were identified as differentially regulated, and the concentration of molybdenum in all samples was unchanged (8 Ϯ 2 ppb) based on ICP-MS of culture supernatants using either mode of heating (data not shown). These results indicate that the expression changes in Mo-responsive genes were affected by the dielectric heating through the nitrate or sulfate bioenergetic pathways, since the concentration of Mo was unchanged at all stages of growth. Since there was no clear microwave effect overriding the actual phase of growth, all differential gene expression data based on dielectric heating results were evaluated at each time point in subsequent sections.
Differential transcriptional profile at 8 h. A total of 48 genes were differentially expressed 8 h after inoculation. Twenty of the 48 genes were induced, of which six were hypotheticals. A putative IclR family transcriptional regulator (TSC_c11970) was induced at 8 h (Table 3 ). This gene is located just upstream of an apparent two-gene operon consisting of a chemotaxis sensory transducer (TSC_c11960) and a PAS sensorcontaining diguanylate cyclase (TSC_c11950). A hypothetical protein (TSC_c11930), which was also induced at 8 h, is located near this operon as well, indicating that this region may be involved in the initial sensing and response to dielectric heating ( Table 3 ).
The most highly upregulated gene coded for a transposase (TSC_c18490) belonging to the IS4 family and is located near a conserved hypothetical gene (TSC_c18560) that was the secondmost highly induced gene at this time point. Several genes associated with fatty acid biosynthesis were induced, including bioY (TSC_c13630), which codes for a biotin biosynthesis protein, an adjacent hydrolase (TSC_c13640), and an ABC transporter (TSC_c13520) upstream of these two genes (Table 3) . Multiple genes associated with sugar metabolism were also upregulated. These included a gene coding for a glycerol-3-phosphate (G3P) ABC transporter (TSC_c16810), an ABC transporter for mannosyl (TSC_c13520), and gluconate 5-dehydrogenase (TSC_c11860). It is worth noting that this gene is necessary for proper cell division in Streptococcus species (26) . Several genes associated with antioxidant/reactive oxygen species response were upregulated. These included a manganese catalase (TSC_c06390) that can function as an antioxidant defense metalloenzyme, and a carboxymuconolactone decarboxylase (TSC_c11540), one of the domains of which can bind reactive oxygen species.
Overall, the majority of genes repressed at 8 h were associated with signal transduction mechanisms, energy production and conversion, and carbohydrate transport (Fig. 4) . The transcriptional regulator TetR (TSC_c12140) was repressed at this time point. Transcriptional regulators and repressors play key roles in deciphering the response of a microorganism to its environment, as these regulatory components typically control the expression of groups of genes and can provide key insights into the metabolic and sensory pathways utilized by the cell. A sensor histidine kinase (TSC_c14590) was repressed at 8 and 24 h ( Table 2 ). This gene forms an operon with a two-component transcriptional regulator from the LuxR family and is part of a cluster of genes that were all repressed, which included an ABC transporter for phosphonate (TSC_c14600), a molybdopterin oxidoreductase (TSC_c14620), and a hypothetical protein (TSC_c14610) ( Table 3) . A gene annotated as a transcriptional repressor (TSC_c14800) was also repressed. Genes immediately adjacent to the repressor, annotated as being involved in glucose (TSC_c14820) or sugar (TSC_c14830) transport, were repressed, suggesting that alternative metabolic pathways are used under these conditions. Also related to energy and metabolism, genes coding for a cytochrome c 552 protein (TSC_c00210) and a radical SAM oxidoreductase (TSC_c00220, a group of Fe-S enzymes that collectively are able to cleave S-adenosyl methionine [SAM] as intermediate for a number of unusual chemical reactions [27] ), were repressed (Table 3) .
In keeping with alternative metabolic pathways, a cluster of genes involved in nitrite reduction were repressed with dielectric heating, including several nitrite and nitric oxide reductases (Table 3) . A gene (TSC_c07010) coding for a nitrite reductase located separately from this cluster was also repressed. Genes involved in sulfur reduction were repressed, including a gene (TSC_c06940) coding for the NrfC protein and thiosulfate reductase (TSC_c06950), along with a gene (TSC_c03490) coding for a sulfide dehydrogenase located separately from this cluster. NrfC is also involved in nitrite reduction as part of an enzyme complex (NrfD) widespread in anaerobic electron transport chains, via electron transfer to nitrite reductase, with homologs in polysulfide reductase systems. The expected difference in nitrate and sulfate consumption based on the differential transcriptional data at this stage of growth was not observed in the ion chromatography data (Fig. 2B) .
Differential transcriptional profile at 14 h. Among the most validated by qPCR. Individual gene expression ratios were calculated using RPKM values generated via RNA-seq and plotted against calculations done for the same gene using qPCR. Each qPCR assay was performed on the sample subject to RNA-seq plus two independent samples. Pearson product moment correlation ϭ 0.872 (P ϭ 0.00474).
highly induced genes at 14 h was a cluster involved in thiamine biosynthesis (Table 4) . Thiamine is a necessary component for the activity of carbohydrate and branched-chain amino acid metabolic enzymes (28) . Additionally, two genes coding for branched-chain amino acid transporters were upregulated (TSC_c09020 and TSC_c09050) (Table 4), as well as the thiamine-dependent acetyl-transferring enzyme pyruvate dehydrogenase (aceE [TSC_c01200]), which bridges the gap between glycolysis and the citric acid cycle via acetyl coenzyme A (acetyl-CoA) (28) .
T. scotoductus SA-01 has been reported to metabolize nitrate via nitrogen metabolic pathways (11, 29) , which was also confirmed in these experiments at this stage of growth (Fig. 2B ) using both modes of heating. However, in accordance with the trend observed at 8 h with regard to respiration, genes involved in dissimilatory nitrate and nitrite reduction (30) were among the most highly repressed. These included narK1 (ADW22361.1), narI (TSC_c17480), narJ (TSC_c17490), narH (TSC_c17500),
FIG 4
Cluster of Orthologous Groups (COG) classification of differentially expressed genes in T. scotoductus SA-01 cultured with dielectric heating at 8 h, 14 h, and 24 h. Differential expression for each gene was determined by dividing the dielectric heating normalized count value (RPKM cqn) by the oven normalized count value. Genes with an adjusted P value of Ͻ0.05 were defined as differentially expressed, and those with a fold change of Ͼ1.4 or Ͻ0.7 were included in the COG counts illustrated here.
and narG (TSC_c17510), a gene coding for a nitrite extrusion protein (TSC_c17460), along with genes coding for a periplasmic cytochrome (TSC_c17520) and a nitrite reductase (TSC_c17620), all of which are located near each other in the genome. It is worth noting that a transposase (TSC_c16690) located next to this operon was also highly repressed. Genes annotated as coding for hemerythrin HHE cation binding domain proteins were located both upstream (TSC_c17400, TSC_c17430, and TSC_c17450) and downstream (TSC_c17670, TSC_c17680, and TSC_c17690) of the nar cluster and were also repressed, as well as several conserved hypotheticals and SUF system proteins.
At 14 h, several transcriptional regulatory components were differentially expressed. These include the induction of three transcriptional regulators (TSC_c22700, TSC_c06400, and TSC_c11660) and one repressor that was also repressed at 8 h (TSC_c14800) and induced at 14 h ( Table 2 ). TSC_c14800 is located just upstream of genes involved in glucose transport and belongs to the SmtB/ ArsR family of bacterial metalloregulatory repressors, which repress the expression of operons associated with stress-inducing concentrations of di-and multivalent heavy-metal ions.
Differential transcriptional profile at 24 h using dielectric heating. Numerous genes were upregulated at 24 h that are associated with membrane permeability and fluidity and cell wall function, providing a molecular basis for the elongated cellular morphology observed with dielectric heating (Fig. 1 and 4) . Two genes in particular were mreD (TSC_c15250) and mreC (TSC_c15240), which are involved with rod shape determination and were upregulated at 24 h (Table 5 ). These expression changes corroborate the findings of our previous work (13) , which demonstrated that one of the major physiological changes in T. scotoductus SA-01 cultured with dielectric heating was the elongated cell morphology (Fig. 1) .
A large number of genes induced at 24 h were associated with amino sugar metabolism, lysine biosynthesis, and cell wall recycling, thus potentially providing the molecular basis for the elongated cell morphology. These included a large cluster ( (Table 5) , as well as four transposases (TSC_c12360, TSC_c12370, TSC_c12380, and TSC_c12390) (Table 6 ). Overall, six transposases and two integrases were upregulated at 24 h, with four of the six transposases also observed at 14 h ( Table 6 ).
As with both the 8-and 14-h time points, multiple genes related to nitrogen metabolism continued to be repressed: these included nitrate (narG [TSC_c17510]), nitrite (TSC_c17620), and nitric oxide (norB [TSC_c17600]) reductases, as well as the regulatory protein A (TSC_c17530) ( Table 5 ). Additionally, genes located both upstream (TSC_c17400, TSC_c17430, and TSC_c17450) and downstream (TSC_c17670, TSC_c17680, and TSC_c17690) of this cluster were repressed. An ammonium transporter (amt [TSC_c24600]) and a nitrogen regulatory protein (TSC_c24610) were also repressed (Tables 5). Finally, a large contiguous segment spanning 20 kbp and encompassing approximately 85 genes was repressed and located on genomic islands (GI) VI and VII (shown as blue blocks, Fig. 6 ) (11). This segment was downstream of the region coding for elongation. Many of the genes located on GI VII are hypothetical genes, while the majority of repressed genes located between GI VI and VII (86%) are of unknown function or hypothetical. These data confirm that two different genomic islands were repressed using dielectric heating.
DISCUSSION
Biophysics of dielectric heating. The residual heating of living organisms due to the dipolar polarization in the microwave region of the electromagnetic spectrum has complicated the identification of radiation-only effects using living organisms for 50 years. To account for this type of heating, a majority of the previous experiments used either mature cells or short exposure times with low-energy high-frequency radiation. For details, including the experimental designs and organisms used for studying microwave radiation effects over the last 20 years, see the excellent reviews by Banik et al. (31) and Shamis et al. (6) .
A thermotolerant microorganism can be used to confirm if a biological response from microwave radiation was due to either heating the organism or the radiation itself, since heating would not adversely affect the microorganism. Thus, the use of a thermophile allows for heating the organism to the same temperature and comparing the cellular response based solely on the mode of heating. Within the microwave region of the electromagnetic spectrum, the period of the electric field oscillation used to heat the medium and organism is approximately the same as the realignment of the water dipole and any other polar bonds present in the thermophile. This effect can be further complicated based on changes to dielectric and dipolar polarization constants resulting from the degree of protein hydration that can occur when proteins are exposed to microwave frequency radiation (32, 33) . The ability to culture a thermophile at 65°C using only dielectric heating over a 30-h period was demonstrated in a study published recently by our group (13) . Microwave radiation delivered at 2.45 GHz in conjunction with Teflon vessels ensured negligible dipolar thermal features based on the vessel. The size of the vessel ensured that the penetration depth of the microwave radiation was longer than the width of the vessel, resulting in no localized areas of high convection heating in the microwave experiments. This experimental design allows for culturing thermophiles in commercial microwave digestion systems and could unify experimental designs and reproducibility across research groups in the future. Culturing T. scotoductus SA-01 using two different modes of heating in parallel normalizes temperature-dependent changes to dielectric loss (34) , and a detailed physiological and transcriptional response can be studied without determining the actual level of exposure to the electromagnetic radiation.
Changes to the overall transcriptional profile of T. scotoductus SA-01 with dielectric heating were defined by the differential regulation of genes that clustered into three main groups: elongated cell morphology, with the induction of many genes associated with peptidoglycan synthesis and cell wall biogenesis; metabolism, as characterized by the repression of numerous genes associated with nitrate reduction; and mobile genetic elements, such as transposases and integrases. The trends observed from the combined transcriptional and physiological data allow for a direct analysis of the response of the thermophile to the mode of heating alone. Cell wall biogenesis and elongation. Bacterial morphology conforms to and is influenced by the general physical principles of nutrient access (35, 36) . Cell elongation increases the uptake-proficient cellular surface area without changing its surface-to-volume ratio. Numerous examples exist in which nutritional stress promotes extracellular filament expression, due to a limitation of one or more nutrients. These include the absence of phosphate, cysteine, or glutathione, resulting in Actinomyces israelii transitioning from its regular rod-like morphology to filamentous rods; biotin limitation causing Arthrobacter globiformis to form large branched rods; and nutrient-poor conditions causing various Pseudomonas species to elongate (as reviewed in reference 36). However, there was no significant change in nutrient or anion availability in the present study, as determined by various chromatographic separations ( Fig. 2 ; see also Fig. S2 and S3 in the supplemental material).
The control experiments attempted to address changes in the growth medium by using several chromatographic separation techniques and tools (see Fig. S2 to S4 in the supplemental material). Defined medium formulations (with glucose, pyruvate, and sucrose as the sole carbon sources) that could remove the complexity of TYE from the experiments unfortunately did not result in the growth of T. scotoductus SA-01 (data not shown). However, there was no analytical evidence that supported a medium-induced difference in growth conditions without cells nor between cells cultured under dielectric versus convection heating ( Fig. 2 ; see also Fig. S2 and S3 in the supplemental material). Thus, the elongated cell morphology observed at 24 h with dielectric heating was a direct result of a cellular response to the mode of heating.
A connection between cell wall biogenesis and permeability to a cellular response to high-intensity microwave radiation has been reported by other research groups. In one example, the algal mutant Chlorella PY-ZU1 was probed at 80°C using a variety of thermolysis methods to ultimately extract lipids for biofuel applications (33) . These microwave-exposed Chlorella cells generated thicker cell walls and had an increase in pore size and a defined sensitivity to subsequent microwave extraction methodology. A slightly different cell wall response (an increase in general permeability with no thickening) to microwave exposure (2.45 GHz) was observed in a strain of yeast with microwave exposures up to 90 s, but the cell walls were destroyed if the exposure was longer than 120 s, since the sample heating was not controlled (8) . Lowenergy high-frequency (51 to 73 GHz) exposure to growing Escherichia coli cells results in an elongation of cells, overall decrease in growth rate (37) , and an increase in cell permeability at low frequency (2.45 GHz) (38) and high frequencies (51 to 73 GHz) (39) . An increase in cell permeability was also observed in the Grampositive bacteria Planococcus maritimus, Staphylococcus aureus, and Staphylococcus epidermidis exposed to 18 GHz low-energy microwave radiation, with no subsequent change in cell morphology (40) .
Peptidoglycan is one of the major constituents of the bacterial cell wall. One of the pathways for peptidoglycan biosynthesis is via amino sugar metabolism and lysine biosynthesis (KEGG pathway [http://www.kegg.jp/kegg-bin/show_pathway?map00550]). The large number of genes induced at 24 h related to peptidoglycan FIG 6 Genomic alignment of differentially expressed genes from T. scotoductus SA-01 when cultured using dielectric heating compared to convective heating after 24 h. The innermost ring contains genes that were upregulated, and the middle rings are for downregulated genes. Genes were color coded according to classification categories of interest. Blue boxes on the outermost ring identify genomic island regions as defined by Gounder et al. (11) and are numbered sequentially (I to VII) starting from the lowest to highest base pair number. The scale of the gene locations is in kilobase pairs. synthesis provides the potential molecular basis for the elongated cell morphology. NagA activity is important in lipopolysaccharide synthesis and cell wall recycling (41) ; anmK has been shown to be involved in cell wall biosynthesis and modification (42) , while lysA, coding for a diaminopimelate decarboxylase, is part of the lysine biosynthetic pathway and acts to produce an amino acid that is an essential component of peptidoglycan in some bacterial species (43) . Additionally, murB (TSC_c14530), identified via KEGG analysis as part of peptidoglycan synthesis, was also upregulated.
Multiple genes involved in secretion, as well as genes annotated as efflux proteins, were upregulated, suggesting these were part of the molecular mechanisms contributing to the elongated morphology. Many of these genes occurred in a cluster that included TSC_c02550, from the ApbE family, as well as genes coding for two outer membrane efflux proteins (TSC_c02580 and TSC_c02590), the secretion protein HlyD (TSC_c02600), the macrolide-exporting protein MacB2 (TSC_c02620), and a hypothetical protein (TSC_c02630), as well as a gene annotated as an efflux ABC transporter (TSC_c16770) ( Table 5 ). The first gene of the cluster starting with TSC_c02540 was annotated as a conserved hypothetical, suggesting a possible role in secretion/efflux as well.
Nitrogen metabolism. Genes associated with sugar metabolism were upregulated at 8-, 14-, and 24-h time points, while genes involved in denitrification were repressed across all time points, suggesting that the different modes of heating influenced metabolic pathways. Nitrate reduction and nitrogen bioenergetic pathways are expressed commonly in thermophilic organisms, like Thermus species (44, 45) . The nar gene cluster codes for membrane-bound nitrate reductases involved in denitrification and anaerobic nitrate respiration (30) . The T. scotoductus SA-01 genome contains the entire nar operon, which is located immediately adjacent to a large cluster of genes beginning with regulatory protein A and a denitrification regulator that in theory enables the denitrification process up to nitrous oxide (11) . The induced denitrification regulator (TSC_c17540) identified in this experiment is a member of the Fnr family; in E. coli, the Fnr transcriptional regulator plays a key role in anaerobic metabolic gene expression and controls the synthesis of the Nar proteins during anaerobic growth (46) . Control experiments conducted with cellfree medium incubated under both convection and dielectric heating conditions demonstrated that nitrate and nitrite concentrations, as well as glucose concentration, remained the same between both modes of heating ( Fig. 2A ; see also Fig. S2 in the supplemental material). These results confirm that differences in the expression of genes related to respiration and metabolism were a reflection of T. scotoductus SA-01 activity and not a result of general changes to the culture medium connected to a mode of heating.
Mobile genetic elements. Sequencing and annotation have revealed that the genome of T. scotoductus SA-01 is hyperplastic, based on the loss, acquisition, and rearrangement of large portions of its genome compared to other thermophiles (11) . Transposases, integrases, and AAAϩ class proteins are some of the most common proteins involved in movement of "dark matter" genomic islands in extremophile archaeal genomes (47) and could be a survival mechanism induced by microwave heating. This mechanism of survival might complicate the use of Thermus for these types of experiments but also indicates that the mode of heating was potentially involved in this response.
There was a distinct upregulation of mobile genetic elements in the form of transposases and integrases at each time point in response to dielectric heating, as well as the downregulation of a large segment of genes contained within genomic islands VI and VII (Fig. 6 ). Genome analysis of T. scotoductus SA-01 results in 22 genes that encode transposases, genetic elements that can potentially facilitate adaptation to environmental stressors (48) , including the movement of entire segments of the genome that were designated genomic islands (Fig. 6) . A cluster comprising four transposases of the insertion sequence 4 (IS4) family were among those induced. ISs are small (Ͻ2.5-kb) segments of DNA able to jump or copy themselves within the genome, leading to genome reshuffling and evolution, but they have been found to be more abundant in pathogens and extremophiles. These ISs are grouped into families based on structural and functional features, with the IS4 family defined by (i) the absence of a frameshift within the gene and (ii) a YREK signature region C-1 (49) . It is worth noting that transposases were induced across all stages of growth, and two large genomic segments associated with mobile genetic elements were repressed at early stationary phase. The extent of these transcriptional changes on the potential genetic adaptations of T. scotoductus SA-01 to dielectric heating remains to be determined.
Conclusions.
The key disadvantage of studying the effect of microwave radiation using mesophilic microorganisms was addressed using a sequenced thermophile. The greatest distinction between these results and all other literature precedents is that a thermophile can be cultured only with dielectric heating from inoculation at elevated temperatures using standard microwave technologies in large culture volumes (60 to 100 ml). Analysis of the differential gene expression data identified molecular processes that were in response to heating T. scotoductus SA-01 with dielectric heating alone. Assembling the combined differential regulation of genes involved in nitrate reduction, sugar metabolism, cell wall recycling, and mobile genetic elements, like transposases, provides a potential model for the effects of dielectric heating. Whether through metabolic processes or dielectric heating/microwave effect at early stationary phase, the number of differentially expressed genes included several transposase, denitrification, and cell wall biogenesis genes being upregulated in response to microwave radiation. These findings can be utilized in future studies with mesophiles to better understand the ability of microbes to respond to microwave radiation.
